Introduction
The vitelline membrane of a hen's egg is composed of two layers that are distinct in terms of their morphology and chemical composition (Bellairs et al., 1963; Jensen, 1969) . The two layers are synthesized in different organs; the inner layer is formed in the ovary before ovulation, whereas the outer layer is formed in the upper oviduct after ovulation (Bain and Hall, 1969) . The fine fibrils of the outer layer are mainly constructed from huge macromolecules, ovomucin, to which soluble proteins are tightly bound, e.g. lysozyme, and vitelline membrane outer layer proteins I (VMO-I) (Back et al., 1982; Kido and Doi, 1988) and II (VMO-II) (Kido et al., 1992) . In contrast, the inner layer is composed of several kinds of glycoproteins, GP-I, GP-II, GP-Ill and GP-IV (Kido et al., 1975 (Kido et al., , 1976 (Kido et al., , 1977 Kido and Doi, 1988) . Soluble proteins bound to the outer layer can be dissociated from ovomucin by a high salt buffer (Back et al., 1982; Kido et al., 1992) and are not involved in the maintenance of the physical strength of the vitelline membrane (Kido and Doi, 1988) . The primary structure of VMO-I has been determined and revealed that VMO-I is a basic protein composed of 163 amino acids, with a molecular mass of 17 979 daltons (Y.Doi et al., in preparation). The cDNA encoding VMO-I has been cloned and sequenced (A.Uyeda et al., in preparation). The VMO-I-encoding mRNA is expressed in a restricted region of hen oviducts, the area joining the infundibulum to the magnum. In contrast, no mRNA was observed in the ovary, the upper part of the infundibulum and the lower part of the magnum.
Sequence analyses show that VMO-I is a 3-protein composed of three internal repeats of -53 residues. The circular dichroism (CD) spectrum of VMO-I is more characteristic of a random coil than a globular protein (Y.Doi et al., in preparation) . Recently it has been found that VMO-I has the ability to synthesize N-acetylchitooligosaccharides (n = 14 or 15) from hexasaccharides of N-acetylglucosamine, which is similar to the transferase activity of lysozyme without the hydrolysis activity (S. Kido, unpublished data) , although the true physiological function of VMO-I remains unknown. In order to obtain more refined insight into the threedimensional (3D) structure of this protein, we have determined the 3D structure at an atomic resolution by Xray crystallography.
Results

Crystallography
The structure of VMO-I was initially determined at 3 A resolution, using the multiple isomorphous replacement (MIR) method augmented with anomalous scattering information, a solvent flattening procedure and molecular averaging. Molecular averaging was particularly effective in improving the phases and enabled us to trace the main chain in the electron density map, although the redundancy of the molecule was only twofold. The functions for generating main chain atoms from Cot positions and for producing side chain rotamers, available in the program 0 (Jones and Thirup, 1986 ), accelerated the model building. This initial model was subjected to cyclic crystallographic refinement using X-PLOR (Briinger et al., 1987 From the sequence determination, two combinations, (i) Cysl33-Cysl61 and Cysl36-Cysl62, and (ii) Cysl33-Cysl62 and Cysl36-Cysl6I, were possible (Doi et al., in preparation), but which combination is correct remained undetermined. This structural study revealed that the combination of Cysl33-Cysl61 and Cysl36-Cysl62 is the correct one. (Cleary et al., 1989) and in human growth hormone receptor binding protein (Bass et al., 1991) . A spectrum showing a positive band around 230 nm is also observed in the gene V protein (Day, 1973 (1991) predicted that the number of protein families would be limited at most to 1000 in the biological world. From such a viewpoint of structural classification, the identification of new fundamental protein topologies has a central significance for the understanding of protein folding and evolution. To Although the function of VMO-I remains obscure, the structural features and the strikingly biased charge distribution imply that it may have an enzymatic activity related to saccharides. Extensive screening experiments will be required to make a definite conclusion about the function of VMO-I.
Materials and methods
Structure determination
The protein material for crystallization was purified from hen's eggs, according to the procedure described previously (Kido et al., 1992) . Crystals were grown by a hanging drop mode of the vapor diffusion technique, as already reported by Shimizu et al. (1994) . The best crystals were obtained when a crystallization drop containing 25-30 mg/ml protein in 50 mM KCI, 3 % (w/v) polyethylene glycol (PEG) 4000 and 46.7 mM acetate buffer (pH 4.7) was equilibrated with 5% (w/v) PEG 4000 and 100 mM KCI at 20°C. The crystals were harvested into a stabilization solution [150 mM KCI, 15% PEG 4000, 50 mM HEPES (pH 7.5)] containing 0.025 % sodium azide. They belong to the orthorhombic space group P212121, with unit cell parameters a = 62.42 A, b = 110.51 A, c = 44.15 A, and contain two molecules in the asymmetric unit. The medium resolution intensity data to 2.8 A were collected for the native and all derivative crystals at 4°C, using an automated oscillation camera system, DIP100 (Mac Science), on a rotating anode generator operated at 50 kV and 90 mA with CuKa radiation. The data were processed using the program ELMS (Tanaka et al.,
1008 Fig. 7 . Superimposed ribbon representation of VMO-I (red, green and blue) and 6-endotoxin domain II (yellow). The red sheet of VMO-I has four strands, while 6-endotoxin domain II has three strands and one ahelix. As a result, the three-fold symmetry in VMO-I is much clearer in 6-endotoxin domain II. 1990 ) and merged using the program PROTEIN (Steigemann, 1974) . For crystallographic refinement, a higher resolution data set was collected to 2.2 A, using a Weissenberg camera for macromolecules (Sakabe, 1991) installed on the beamline 6A2 at the Photon Factory (Tsukuba, Japan). The wavelength was set to 1.00 A, and the diffraction path was filled with helium gas to avoid air scattering. Two crystals, with different orientations relative to the beam, were used for data collection to cover the blind region. The data were processed by the program WEIS (Higashi, 1989) . Heavy-atom Where Ih,j = measured diffraction intensity; <Ih> = mean value of all intensity measurements of (h,k,) reflection; FPH = structure amplitude of a derivative; FP = structure amplitude of the native crystal; FH(CALC) = the calculated contribution of the heavy atoms.
ePhasing power: the ratio of the root mean square (r.m.s.) heavy-atom scattering factor amplitude to the r.m.s. lack of closure error. fAveraging R-factor: the crystallographic R-factor between observed structure factor amplitudes and structure factor amplitudes calculated from the averaged map. gReal space R-factor: the R-factor between non-crystallographically related electron density.
hCorrelation coefficient: the correlation coefficient of each electron density from the mean electron density.
derivatives for MIR analysis were prepared by soaking native crystals in the harvesting buffer containing various heavy-atom compounds. Numerous heavy-atom compounds were screened to prepare suitable heavy-atom derivatives. However, most of them produced too serious non-isomorphism of crystals, and thus no interpretable difference Patterson maps were obtained.
We tried to soak the heavy-atom compounds with (3-mercaptoethanol and glutathione, since we anticipated that these additives might contribute to a decrease in non-isomorphism. (NH4)2Pt(NO2)4 containing glutathione and K20sO4 crystals were found to produce interpretable difference Patterson maps. The positions of the heavy-atom sites were also confirmed on the basis of calculation using the direct method program MULTAN (Main et al., 1980) , according to essentially the same procedure as reported by Navia and Sigler (1974), and Wilson (1978) . The difference Patterson map of the mersalyl derivative was very noisy, but the difference Fourier maps from the refined phases using K2OsO4 and (NH4)2Pt(NO2)4 revealed the different major sites, and hence this derivative was included for phasing. Heavyatom parameters were refined with the program PROTEIN at 3 A, including anomalous data from all derivatives. The heavy-atom sites were essentially identical between OSO1 and OS04, between GPNN and PTNN, and between MERS and MER2, whereas these sites were different from each other among the three heavy-atom compounds (Table Ia) . The average figureof-merit was 0.68. However, this MIR map was too poor to trace the chain, although some ,3-strands were recognizable. Solvent flattening (Wang, 1985) was used to improve the phases. All calculations were performed using programs from the CCP4 package, as described by Leslie (1988) . Sufficient cycles of calculation were performed to achieve convergence, as judged by the mean phase change for successive cycles. Then, the heavy-atom parameters were refined again against the solvent flattened phases with an option of the program MLPHARE, and new MIR phases were calculated from those refined heavy-atom parameters (Cura et al., 1992; Rould et aL, 1992 ). The whole procedure described above was repeated three times. However, tracing of the polypeptide was still difficult, because of a lot of breaks in the electron density. We then applied the molecular averaging technique, since the crystal contains two molecules in the asymmetric unit. All calculations for local symmetry averaging were performed in real space (Bricogne, 1976) using the program GAP (D.I.Stuart and J.Grimes, unpublished data). An initial estimate of non-crystallographic symmetry was obtained from the refined heavy-atom positions. To define the molecular envelope for one non-crystallographic asymmetric unit, a tentative model was constructed on the basis of the best map before averaging. Then, a 5 A sphere around each atom of the model was generated and the pixels within the union of these spheres were considered as an envelope. Although this model was essentially incorrect, it was useful enough to define the envelopes for averaging. Using some routines in the GAP program which allowed editing of the envelope, we partially corrected the border of the protein molecule. Averaging was iterated 20 times until convergence was achieved. This procedure led to a substantial improvement of the map, which allowed us to trace continuous chains. The structure determination statistics are summarized in Table Ia .
Model building and crystallographic refinement Model building was accomplished by use of the interactive computer program FRODO (Jones, 1978) on an Evans & Sutherland PS390 graphics system. Only Ca atoms were placed into the 3 A averaged map in one molecule. The main chain was constructed from a database of refined structures (Jones and Thirup, 1986) , and the side chains were added in their preferred rotamer conformation (Jones et al., 1991) using the program 0. The full model was then generated by application of the non-crystallographic symmetry operator. Crystallographic refinement was carried out using the X-PLOR package, version 3.1. Conventional energy minimization and simulated annealing with molecular dynamics (Brunger et al., 1987) were performed. In the simulated annealing step, the slow-cooling protocol was applied (Brunger et al., 1990) starting from 4000 to 300 K (0.5 fs time-step; 25 K temperature decrement; 50 steps at each temperature; 0.2 A tolerance). In all steps two molecules were handled and treated independently. The current R-factor is 18.8% for all data with |F| 2uF between 6 and 2.2 A resolution, and the overall geometry of the model is satisfactory, as shown in Table Ib . The average B-factors for all main chain atoms are 29.4 A2 and 29.0 A2, respectively.
The relative orientations of the two molecules are related by Euler angle (-10.2°, 5.60, 16.30) . Examination of the Ramachandran plot shows that X and & torsion angles for non-glycine residues lie mostly within the allowed regions. However, each of the two protein molecules in the asymmetric unit contains a few residues (Thr48, Ser65 and Ser94 in molecule A; Thr2, Ser65 and Ser94 in molecule B) whose torsion angles are observed outside of the favorable regions. The electron densities corresponding to these residues are poorly defined, presumably because of their mobility. In fact, all of them are located in loop regions, except for Thr2B. The coordinates of VMO-I have been deposited in the Brookhaven Protein Data Bank as IVMO.
